In this paper the theory of gastric secretion, discussed by Crane, Davies & Longmuir (1948a) , is extended and certain new evidence is presented.
ARl the explanations of ionic secretion so far proposed have been more or less incomplete. Franck & Mayer (1947) have examined the general mechanisms required for an 'osmotic diffusion pump'; Rosenberg (1948) has discussed the thermodynamic relationships which must hold for secretory processes; Stiehler & Flexner (1938) related. the secretion of chloride into the cerebrospinal fluid to maintained differences of electrical potential and of redox potential across the choroid plexus; Hollander (1943) proposed that the separation of gastric hydrochloric acid is due to differential permeability to ions. None of these authors have related secretion to the activityofparticularphysico-chemicalsystemswithin the cell.
More specific proposals have been made by Crane et al. (1948a) and Crane & Davies (1948) , who have also reviewed a number of other suggestions of the chemical mechanism involved. They distinguished THE MECHANISM OF SECRETION OF IONS two types of mechanism. In the first of these, also suggested by Robertson & Wilkins (1948a, b) to account for secretion by plant cells, an oxidationreduction system (such as Fe+ +-Fe + + +) produces hydrogen ion (H+), by oxidation of substrate hydrogen, and OH in equivalent amount by reduction of 02; this mechanism cannot, however, produce more than four H+ per 02 used in oxidation and is insufficient to account for the large yields of acid by gastric mucosa. A second type ofmechanism was therefore proposed which should transport H+, derived from water, at the expense of 'metabolic energy'. Recently, Patterson & Stetten (1949) have proposed a mechanism of gastric secretion which is essentially the first mechanism of Crane et al. (1948a) .
The two mechanisms mentioned above are now further examined, in the light ofpast evidence and of new evidence, presented here, concerning the permeability of gastric mucosa. This evidence was obtained by measuring the potential difference between pairs of electrodes, of three different types, in electrical contact with the solutions bathing the two sides of the mucosa. Specific proposals are made as to the way in which the 'metabolic energy', for the second mechanism, is produced and applied to secretion; the thermodynamic status of each mechanism, and of their interrelationship, is discussed; the electrochemical properties of gastric mucosa are accounted for in terms of the secretory process and of the permeability of the mucosa to ions. The conclusions reached are applied to other types of ionic secretion and to the question of energy-coupling in cellular processes.
EXPERIMENTAL METHODS
The materials, apparatus and methods used in these experiments were similar to those previously described by Davies (1948a, b) and by Crane et al. (1948a, b) .
Frog (Rana temporaria temporaria L.) gastric mucosa was mounted in a Perspex holder held between two chambers at 25.00. The Type II vessels of Crane et al. (1948a) were used. The potential differences between electrodes were measured with a battery-operated Marconi pH meter and potentiometer, Type TF. 511 C: this instrument discriminates better than 0-02 pH or 1 mV. and is accurate to 0.03 pH or 2 mV.
Three types of electrode were used: saturated calomel electrodes (Marconi type TM. 3887 A), which were connected to the 'nutrient' and 'secretory' solutions by saturated KCI bridges with internal ground-glass joints (Crane et al. 1948a) ; glass electrodes (Marconi type TM. 3888A), dipped directly into the two solutions; and silver-silver chloride electrodes of the type described by Brown (1934) dipped directly into the two solutions.
Direct measurements were made of the potential differences between pairs of electrodes, except in the case of the glass electrodes, whose combined resistance was too high to allow satisfactory measurements to be made: therefore the differences were taken of the readings obtained between glass in the secretory solution and calomel in the secretory solution, and between glass in the nutrient solution and calomel in the secretory solution. In the course of each experiment, all readings were frequently repeated to ensure that no drifting of the electrodes or deterioration of the mucosa was occurring. All changes of composition were made in the secretory solution, the nutrient solution being, throughout the experiments, frog-bicarbonate Ringer. The concentration of C17 in the secretory solution was varied by replacing NaCl with NaNO9, so that the concentration ofNat was kept constant. The pH of the secretory solution was varied by the presence or absence of bicarbonate in the secretory solution and by gassing it with 5 % COg-95 % 0, or with 03.
In the second experiment, only the total concentration of NaCl in the secretory solution was varied, other factors remaining constant; this was designed to test the effect of the concentration of Na+ on the potential differences.
RESULTS
The results are not given in full but an abstract of the conditions and readings are given in the tables. 'Secretion' of ions here implies the net movement of electrolyte from lower to higher chemical potential.
A single type ofion cannot be secreted alone to any detectable extent, since it is necessary that electrical neutrality should be maintained on both sides of the secreting structure, by the equivalent movement either of ions of opposite sign in the same direction or of ions of the same sign in the opposite direction.
To effect secretion, it is necessary that a constraint of some sort should be applied to at least one of the ions transported and the ion to which such a constraint is applied may be said to undergo 'primary' secretion. The consequent movement of other ions, essentially electrolytic in nature (to maintain electrical neutrality) may be termed 'secondary'. The primary secretion cannot be simply electrolytic, in a wholly aqueous medium; for the charge separation needed to cause electrolytic migration to occur must itself be a result of the previous transport of ions.* Thus neither the maintenance of a difference ofredox potential in a metallic system, nor a Donnan distribution across a membrane, can lead to continuous secretion (cf. Hollander, 1943 ; footnote to p. 417).
Primary secretion must therefore involve the generation of the ion from a precursor in which it is chemically bound, either de novo, or following the previous formation of the precursor from the free ion and a carrier substance at some other site. In the former case, the chemical energy required may be resident in the precursor; in the latter it must be made available either at the formation or breakdown of the precursor, or both. These two mechanisms are illustrated in Fig. 1 The ion which undergoes primary secretion need not, in the final state, undergo net secretion, since it may be replaced, after undergoing primary secretion, by exchange with another ion of the same sign: this may be regarded as a 'tertiary process'. In this way it is possible for an electrolyte to be secreted without either of its ions undergoing primary secretion. For example, the primary secretion of H+, with secondary secretion of Cl-, followed by tertiary exchange of H+ and Na+ (across a structure impermeable to ClE), would result in the net secretion of sodium chloride.
Some selective permeability of the structure across which secretion is to take place must always be postulated; it must be relatively impermeable to the primary ion in its free state, so that a rapid backward leakage does not occur, and selectively permeable to the secondary ion.
GASTRIC SECRETION
Summary of evidence This summary is derived from evidence presented in this paper, and by Davies (1948a, b) , Crane et al. (1948a, b) and Crane & Davies (1948) .
The main experimental facts which any theory must account for are:
(1) The mucosa can secrete acid continuously for long periods, doing secretory work at a rate of the order of 10,000 cal./g. mol. of HCI.
(2) The secretory process depends upon respiration and is interfered with by any agent which inhibits respiration.
(3) The value ofthe ratio of g. mol. of HCI secreted to g. mol. of extra O2used during secretion (qc,/jlqo2j) may be as high as 11 and such a value may be maintained for a considerable period of time.
(4) For each mol. HCl secreted, there is normally an uptake, on the non-secreting side of the mucosa, of one mol. CO2, leading to the formation of one mol. HCO-. This process probably requires the activity of carbonic anhydrase (Davies & Roughton, 1948; Davies & Edelnan, 1948) .
(5) (a) The resting mucosa can maintain a potential difference between identical electrodes in identical solutions on the two sides of the mucosa for long periods, even when current is allowed to pass freely between the electrodes in an extemal circuit. Thus the resting mucosa is capable of the continuous performance of electrical work. (b) The potential difference between two calomel electrodes across the resting mucosa is constant and is usually 20-30 mV., the secretory side being negative in the external circuit. The potential difference between two silversilver chloride or between two glass electrodes, varies systematically with the concentration of C1 and H+, respectively, in the secretory solution, but in both cases there is included an asymmetry potential of the same sign and magnitude as is observed with calomel electrodes. The magnitude of this asymmetry potential varies with the concentration of alkali-metal cation on the secretory side.
(6) Passage of current through the mucosa between zinc-zinc acetate electrodes increases or decreases the secretion of acid by a secreting mucosa according as the applied current augments or diminishes the spontaneous potential measured between calomel electrodes on either side of the mucosa.
(7) Histamine can cause the change between resting and secreting states to occur. When secretion begins, there is an increase of oxygen uptake and a decrease of the asymmetry potential.
Mechanisms of secretion It is simplest to assume that H+ is the primary ion and that C1 is secreted secondarily. One possible mechanism (mechanism 1) for primary secretion of H+, by oxidation of the hydrogen of substrate, has already been mentioned; although this is quantitatively inadequate, there is no reason to suppose that it does not occur, but it must be supplemented by another (mechanism 2).
Mechanism 1. The essentials of this mechanism are shown in Fig. 2 . A redox system is required which can transfer electrons across a structure which VoI. 46 327 separates two regions ofthe cell: this system oxidizes hydrogen of substrates to H+ and reduces an equivalent amount of oxygen to OH, these processes occurring on opposite sides of the structure which is impermeable to H+, OH-and to HCO formed from it. The substance oxidized by this system is likely not to be the ultimate substrate of the cell, but rather a carrier SH,, such as a flavoprotein; the most likely redox system is cytochrome c and cytochrome oxidase. Thus, the reactions are as follows, the subscripts indicating in which region they occur:
Oxidation of SH, on side 1: 2SH, + 4Fe+ + +--2S + 4H+ + 4Fe+ +.
(1) (1) (1) (1) (1) Oxido-reduction between sides 1 and 2, with transport of C17 to maintain electrical neutrality:
Reduction of 02 on side 2:
4Fe1-102+ 03 +2R,O-÷4Fe+ ++ +40H.
Reaction of OH-with C0,: the reaction of OH-with CO2
takes place in the cytoplasm of the acid-secreting cell, a¢cording to the reactions (Davies & Roughton, 1948) :
Once a steady state of secretion and of exchange of HCO_ with C1-of the nutrient fluid (i.e. with blood in vivo) is established, these reactions occur effectively at the pH of the nutrient fluid. The overall reaction is:
(1) (2) (2) (2) (2) -2S+4H++4CF-+4HCO-. (1) (1) (1) (1)
Since H+ and OH must be produced exclusively on opposite sides of the structure, it follows that the cytochrome system must be oxidizable by oxygen only on side 2, and that SH2 must be oxidizable by the cytochrome system only on side 1. Equation (1) shows that mechanism 1 cannot produce more than 4H+ per 02 whatever the source of the hydrogen. Mechani8m 2. Since mechanism 1 exploits fully the power of the oxidative system to form H+ from the hydrogen of substrates, and since no anion other than OH-(or HCO ) is formed, it follows (Crane et al. 1948a ) that any second mechanism must secrete preformed HI, that is, HI derived from hydrogen atoms in water by ionization. It is again simplest to assume the primary secretion of H+. The energy of dehydrogenation reactions is not likely to be directly available, but can be made available in the form of unstable phosphate compounds, such as creatine phosphate (see Ogston & Smithies, 1948 (2) (2) (2) (2) -2H++2CF+2HCO7+Cr+P. (6) ( 1) (1) (2) (2) (2)
In this scheme it must be postulated that the separating structure is relatively impermeable to CH2, as compared with CH2P and C; otherwise reaction (2b) could occur on side 2 instead of on side 1. An alternative postulate would be that CH2P does not simply hydrolyse on side 1, but that the enzyme on side 1 which catalyses the reverse of reaction (2a) is specific for CH2P, so that, CH2P+2Fe+++-*C+2H++P+2Fe++. (2c) (1)
(1) (1) (1) (1) (1) In either case, CH2P must be degraded relatively slowly on side 2.
Thermodynamic relationships
In this section the quantitative data used are those quoted by Ogston & Smithies (1948) , unless reference is made to other sources.
General. The free energy required to secrete hydrochloric acid at a concentration isotonic with blood is of the order of 10,000 cal./mol. (Crane & Davies, 1948) . The free energy of oxidation ofglucose by atmospheric oxygen under physiological conditions is about -58,000 cal./atom of oxygen. Thus the thermodynamic maximum value of qHa/I q,2 would be about 12. Ogston & Smithies (1948) have concluded that the total free energy ofoxidation ofsubstrates is divisible into two parts according to the oxido-reduction mechanism which produces it and its position in the scale of redox potentials; the free energy liberated in the transfer of hydrogen to the cytochrome system (Ej < 0 26 V.) can lead to the phosphorylation of creatine, while that available from oxidation within the cytochrome system (Eh between + 0x26 and + 0-82 V.) is not known to lead to phosphorylation.
This division fits in well with the two postulated mechanisms of secretion.
Mechanism 1. The free energy available from an oxido-reduction process is measured by the interval of redox potential over which the process occurs; an interval of 1 V. corresponding with the evolution of 23,100 cal./g. electron. In this case it is supposed that oxidation occurs between atmospheric oxygen at + 0 82 V. (the potential of the oxygen electrode at pH 7.0) and cytochrome c, at its standard redox potential, E, = + 0 26 V. at pH 7 0: this interval of 0-56 V. is equivalent to an evolution of 12,900 cal./g. electron, that is, per g.ion of H+ and this is amply sufficient for the secretory process.
Mechani8m 2. The immediate source of energy is the hydrolysis of creatine phosphate: its standard free energy at 370 is -16,700 cal./mol. and this is unlikely to be very different at 250; but at a concentration of phosphate of 14 mm., and assurming a ratio of CrP/Ir= 1, the actual free energy becomes -19,000 cal./mol.* Assuming that, in reaction (6), the reaction H20 + CO2 HCO3 +1E+ (2) (2) (2) (2) is at equilibrium and neglecting activity coefficients since the secretion is isotonic with blood, the free energy change in reaction (6) Thus the hydrolysis of 1 mol. ofCrP is capable ofproviding enough free energy to secrete 2 mol. of HCI at the order of concentration at which it is produced by oxyntic cells (Babkin, 1944) .
The total free energy of oxidation of glucose, less the amount expended by mechanism 1, is 32,000 cal./ atom of oxygen. The maximum P/O ratio for phosphorylation of creatine would thus be 32,000/ 19,000 = 1-7 and the maximum value of qHOIIlqoj would be 4x 1-7=6-8.
Some light may be thrown on the components of mechanism 2 by considering its kinetic requirements in relation to thermodynamic quantities. Thus Combination of mechani8nws 1 and 2 Mechanisms 1 and 2 might conceivably act together in three different ways.
(1) In series, such that one supplies H+ to be further concentrated by the other. The value of qHclj/qO21 of this arrangement would be limited to 4, but a concentration of H+ of the order of 1012-fold could be produced. There is no reason to think that this arrangement occurs in nature. Two secreting structures separating three regions of the cell would be required.
(2) In series, but back-to-back, so that one mechanism supplies H+ to the secretory side of the other; this is identical with the 'in parallel' arrangement (3), if escape of H+ from the cell cannot occur. This is an interesting possibility, because, each mechanism being reversible, mechanism 1 could drive mechanism 2 backwards, leading to phosphorylation of creatine and this might explain how oxidation in the cytochrome system at high E, could bring about phosphorylation (Ogston & Smithies, 1948) . Friedkin & Lehninger (1948) have shown that phosphorylation can accompany the oxidation of dihydrocoenzyme I by cytochrome c, in a liverparticulate system: it is doubtful, however, whether such a degree of organization as would be required by our mechanism could have survived in such a preparation.
(3) In parallel, each mechanism contributing additively to the secretion of H+. It has been shown that each mechanism is thermodynamically adequate. The sum of their maximum yields (4 + 6-8) is of the same order as the observed maximum of qHcl/ qo2 .
There are, however, certain further limitations on the distribution and reaction of components between the regions of the cell, if the two mechanisms are to work successfully side by side.
(i) The oxidation of hydrogen (i.e. of SH2) must occur only on side 1 and the reduction of oxygen only on side 2.
(ii) The phosphorylation of creatine, resulting from the transfer of hydrogen from substrate to flavoprotein (S), can occur anywhere in the cell, provided that CrP can transfer phosphate to the carrier C (mechanism 2) only on side 2.
(iii) The ferrous-ferric system of mechanism 2 must not be accessible to oxidation by 02 and so must not be coupled with the ferrous-ferric system of mechanism 1: otherwise its redox potential would tend to rise too high to allow sufficient formation of CH2 on side 2. This consideration would perhaps exclude the cytochrome c-fumarate-succinate system from acting in mechanism 2.
Resting and secreting states
From the facts that the oxygen utilization of resting mucosa is fairly high and that the resting mucosa is capable of developing continuous electrical work in an external circuit (up to 10 % of its total metabolic energy), we assume that the processes which lead to secretion are still active in the resting state, but do not actually lead to secretion. Potential measurements (see below) show that the resting mucosa, as a whole, is effectively impermeable both to H+ and to CF-and the impermeability of the outer membrane of the cell would be a sufficient cause for non-secretion. If the secretory mechanism were still active in the resting state, the result would be to produce an accumulation of HC1 within the region of the cell called 'side 1' (Figs. 2, 3) . It is reasonable to suppose that the structure across which secretion takes place is not completely impermeable to H+, so that there would be a continuous backward leakage of HI from side 1 to side 2 and the metabolic energy of the cell would be required to maintain a steadystate excess of HC1 on side 1.
The onset of secretion must involve the cell outer membrane becoming permeable to HI and to Cland the acquisition of this permeability would alone be sufficient to cause secretion to occur. At the same time, the loss of HC1 from side 1 of the interior of the cell removes a constraint on the oxidative mechanisms, so that an increase ofoxygen uptake would ensue automatically. It is possible, also, that the permeability of the secretory structure to H+ and to Na+ (see below) might be reduced at the same time, which would increase the efficiency of secretion; Cope, Cohn & Brenizer (1943) have shown that radioactive Na+ is absorbed more rapidly by the resting than by the secretory stomach. It seems possible, therefore, that the action of histamine is to affect the permeability of cellular structures and so to allow H+ to pass out of the cell (cf. Crane et al. 1948 a) . It is of interest, in this connexion, that thiocyanate, in concentrations of 10-3 to 10-2M, inhibits both the uptake of iodide by the thyroid (Franklin, Chaikoff & Lerner, 1944) and the secretion of acid by the gastric mucosa (Davenport, 1940; Crane et al. 1948 a) ; it is possible that both actions are due to the prevention of halide ions from entering cells.
POTENTIAL MEASUREMENTS

General
When two electrodes are present in any system and a potential difference between them can be observed, this potential difference represents the electrical work which is 330 I950 THE MECHANISM OF SECRETION OF IONS done when a unit ofelectric charge is allowed to pass between the electrodes. This work must be derived from changes, of free energy taking place within the system. When the whole system is reversible, the amount of electrical work can be equated to this change of free energy, but where irreversible changes take place as, for example, through free diffusion at a junction between two ionic solutions, this exact relationship does not necessarily hold good. Also, changes which do not affect the electrodes can occur without contributing to the electromotive force of the cell. In attempting to interpret potential measurements, it is important to use this approach whenever it is possible to do so, and not to treat the electromotive force of a cell as the sum of a number of 'single potentials' (e.g. potentials of electrode against solution, diffusion or membrane potentials). It has been repeatedly pointed out that such single potentials can neither be measured nor defined and, though an argument based on their use may often lead to the right conclusion, it cannot be relied upon to do so.
Unfortunately, it is the common practice to measure potentials with electrode systems which introduce unnecessary liquid junctions: the ionic transport across such junctions can usually not be calculated, so that it becomes necessary to use the 'single potential' approach.
Valuable information can be obtained about systems which contain membranes selectively permeable to different ions, by the use of simple reversible electrodes. The general conditions which govern the potential difference between a pair of such electrodes are as follows.*
(1) If two phases are separated by a membrane impermeable to all ions and one electrode is in each phase, no definable or reproducible potential is observed.
(2) If the membrane is permeable to some ion or ions and the two phases are at equilibrium with respect to those ions, then (a) zero difference of potential is found with electrodes reversible to any ion to which the membrane is permeable; (b) a finite and reproducible potential difference is observed with electrodes reversible to an ion to which the membrane is impermeable; as a special case, the potential difference is zero if this ion is distributed as it would be at equilibrium, were the membrane permeable to it. In this case, the potential difference measures the free energy of transfer of electrolyte from one phase to the other, which results from the reaction of the reversible ion at the electrodes.
(3) If two phases are not at equilibrium with respect to ions which can move from one phase to the other, and if passage of current between a pair of electrodes, one in each phase, facilitates the transfer of ions with respect to which the disequilibrium exists, then a reproducible potential is observed. The magnitude of this potential depends upon the mobilities of all ions which are transported when current passes between the electrodes, and can be calculated only in simple cases. (This case (3) is equivalent to 2 (b), if the transport number of the ion to which the electrodes are reversible is zero.)
The considerations outlined above do not indicate the sign of the potential difference; to determine this it is necessary to discover in which direction current must pass between the pair of electrodes used so as to diminish the free energy of the system. * The conditions under which a potential difference is observed between a pair of electrodes in two phases in membrane equilibrium were given incorrectly by Ogston (1947, p. 234) and are here corrected.
Resting gastric MUcosa When resting frog gastric mucosa has identical solutions on its two sides, there is found to be a potential difference between a pair of silver chloride or glass or calomel electrodes of about 30 mV., the secretory side being negative in an external circuit. If the concentration of CF-on the secretory side is changed, the potential difference between a pair of silver chloride electrodes is independent of pH and is closely given by 2-303 RT log [CF] nutrient -0-03 V.
F
[CF] secretory This shows that the resting mucosa is effectively impermeable to COF: the result of passage of 1 g. ion equivalent of electricity between the electrodes is to transfer 1 g.ion of Cl-from one side to the other and there is an equivalent transport of Na+ through the membrane, the concentration of Na+ being the same on both sides. Similarly, the potential difference between a pair of glass electrodes is independent of the concentration of CF-and is given by 2-303 RT log[HI] secretory_ 0-03 V.
F lg[He] nutrient
It follows that the resting mucosa is also effectively impermeable to H+. Patterson & Stetten (1949) measured independently the potential difference across acid-secreting rat gastric mucosa, with glass electrodes and stated: 'It was repeatedly observed that the pH difference, as computed from the total potential difference, and as calculated from individual determinations of pH on both sides of the membrane, agreed within 0-2 pH unit.' This shows that the potential difference between calomel electrodes which was not determined (Stetten, 1949) could not have been more than 12 mV. Such low values of the potential difference between calomel electrodes are usually found with partially anoxic or damaged isolated mammalian gastric mucosa (Davies, 1948 b) .
The variations of potential differences between these pairs of electrodes with composition of the secretory solution represent changes of the free energy of ionic transport between the outer solutions. The constant 'asymmetry potential' of about -30 mV. must represent a process occurring within the mucosa independently of changes in the composition of the secretory solution.
The effective impermeability of the whole mucosa to H+ and CF-is likely to be due to its external membrane. This membrane is permeable to Na+ and so will behave as a pair of reversible sodium electrodes with respect to the interior of the cell: formnation or removal of H+ or CF by the external electrodes can result only in a corresponding movement of Na+ into and out of the cell. In the case where the external VoI. 46 solutions are identical, the whole electromotive force of the system (-30 mV.) must therefore arise from changes in an electrolytic cell of this type (Fig. 4) (Visscher, 1942; Hober, 1945) . Reduction of the concentration of Na+ in the secretory solution has been shown to increase the magnitude of the asymmetry potential. This is explained if the concentration of Na+ within the oxyntic cells is thereby lowered, for this will decrease the transport number of Na+ and increase that of H+, resulting in a more negative 'diffusion potential' arising within the cells. Such a reduction of the concentration of Na+ within the cells would necessarily imply that the cells are somewhat permeable to some anions; but this is not inconsistent with the conclusion, reached above, that the mucosa is effectively impermeable to H+ and to CO-, since this means only that it is far less permeable to these ions than to Na+ or K+.
Secreting ga8tric muco8a
When the mucosa passes into the secreting state, the outer walls of the cells must become permeable to HI and to Cl-. Since the increase of HI in the outer fluid is normally accompanied by an equivalent increase of CO-, the process of tertiary exchange of HI against Na+ must be relatively slow. But it is not necessary that there should be a decrease of permeability to Na+; the relatively high electrical resistance of the resting mucosa shows that this is never very great. The rate of back-diffusion of H+ through the secreting structure likewise need not be great. The removal of hydrochloric acid from the interior of the cell will tend to reduce the 'diffusion potential' across the secreting structure, so that, as is observed, the potential differences between external calomel electrodes should fall.
The effect of an external source of current on the rate of secretion of active mucosa is probably simply electrolytic in nature: with the secretory electrode negative, the system will behave as a Hittorff cell, provided that the transport number of HI through the mucosa is greater than 0-5, and will concentrate hydrochloric acid on the secretory side. The failure to obtain electrolytic formation of acid using resting mucosa and other membranes (Crane et al. 1948b) was probably due to their low permeability to HI.
OTEmR TYPES OF IONIC SECRETION Although the evidence about other types of ionic secretion is less complete, it seems likely that all will show features in common. (For reviews see Ussing, 1949b; Davies, 1948 b.) Thus where a neutral salt is secreted it is possible, in most cases, to assume that an ion such as HI,NH', HC0O or H,POmayundergo primary secretion and may then effect a tertiary exchange with another cation or anion, as the case may be (cf. Kinsey, 1949; Davson, Duke-Elder, Maurice, Ross & Woodin, 1949; Lundegardh, 1945; Robertson & Wilkins, 1948a, b; Hoagland, 1948 The secretion of acid and the absorption of bicarbonate by the tubules of the kidney (Pitts, 1945; Pitts & Lotspeich, 1946a, b; Pitts, Ayer & Schiess, 1948) could occur by the gastric mechanism, a greater flexibility with regard to anions being due either to a variable secondary secretion or to a variable tertiary exchange. The secretion of bicarbonate by the pancreas is likely to depend on the gastric mechanismworking in reverse (Davies, 1949) .
The transport of ions between the interior and exterior of cells, across a single-cell membrane, appears to be the simplest case. Conway & O'Malley (1946) showed that yeast may secrete HI into the external medium in exchange for K+ and the 'acidic region' which they postulate, and the membrane separating this from the rest of the cell, might well correspond with the 'side 1' and the 'secreting structure' of our model. In other cases, as where Na+ appears to be actively extruded, there is insufficient evidence to decide whether its primary secretion must be assumed. SUMMARY 1. Evidence is presented of the differences of potential observed between pairs of calomel, silver chloride and glass electrodes when one of a pair is in the 'nutrient' solution, the other in the 'secretory' solution, of isolated, non-secreting gastric mucosa of the frog. The values of these potential differences and their variation with composition of the secretory solution have been interpreted in terms of the permeability of the mucosa to ions.
2. An extended theory ofthe chemical andphysicochemical mechanism of gastric secretion has been developed, in the light of present knowledge of the chemistry and thermodynamics of cellular processes. This is shown to be consistent with the evidence available concerning gastric secretion.
3. In the light of this theory, some other cases of ionic secretion are discussed.
We wish to thank Mr 0. Smithies for helpful discussion and Mr R. Hems for assistance with the experimental work.
